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Transformation optics is a design tool that connects geometry of space and propagation of light.
Invisibility cloaking is a corresponding benchmark example. Recent experiments at optical frequen-
cies have demonstrated cloaking for the light amplitude (“ray cloaking”). In this Letter, we demon-
strate far-field cloaking of the light phase (“wave cloaking”) by interferometric microscope-imaging
experiments on the previously introduced three-dimensional carpet cloak at 700-nm wavelength and
for arbitrary polarization of light.
PACS numbers: 42.79.-e,42.79.Ry,81.16.Nd,42.30.Rx
An object to be made invisible represents a perturba-
tion of a light wave’s amplitude and phase with respect to
a reference frame. Transformation optics [1–6] provides a
fresh view on optics design in that it allows compensating
for these perturbations by using the concepts and mathe-
matics of general relativity. In a broad sense, invisibility
cloaking is a particularly demanding example of aber-
ration correction. Several experiments at optical [7–11]
or even visible [12–15] frequencies have recently reported
successful invisibility cloaking in two [7–10, 12–14] and in
three [11, 15, 16] dimensions, microscopic [7–11, 14–16]
or macroscopic [12, 13] in size, many of which for cer-
tain polarizations of light only [7–10, 12–14] and fewer
in a polarization insensitive manner [11, 15, 16]. Impor-
tantly, all of these have merely shown invisibility cloaking
in the sense of demonstrating reconstructed amplitudes
or, equivalently, light intensities.
Amplitude or “ray cloaking” can be achieved in various
ways, some of them quite trivial. You can, for example,
record the scenery behind the object with a camera and
project it onto the object. True cloaking, especially for
waves, is a much more subtle undertaking that demon-
strates and requires the full potential of transformation
optics. In this paper, we experimentally demonstrate op-
tical phase cloaking in the far field, a “wave cloak”, for
what we believe is the first time.
Phase information in an image can be obtained by look-
ing at the object with a microscope (or a telescope) and
letting this image interfere with a known reference im-
age. One can, for example, introduce a microscope (or
telescope) into each arm of a Michelson interferometer,
such that the object’s and the reference’s image interfere
on a screen or video camera. This geometry is illustrated
in Fig. 1. Scanning the path length of one interferometer
arm provides phase sensitivity. To allow for a straight-
forward interpretation of these data, object and reference
must also be illuminated equivalently. This condition can
be achieved by illuminating both through the input port
of the Michelson interferometer. While coherence is de-
FIG. 1. Scheme of the experimental setup. A Michelson
interferometer is combined with a microscope in each arm.
Sample (carpet invisibility cloak) and a flat mirror (serving
as a reference frame) form the two end mirrors. Both are
illuminated by a laser that is sent through a rotating diffuser,
leading to spatially incoherent light.
sired in the direction of light propagation (“temporal co-
herence”), coherence in the lateral direction is quite un-
desired as it leads to confusing interferences, e.g., from
edges. After all, usual microscope or telescope images
use spatially incoherent illumination. At the same time,
intense illumination is desired to allow for data acquisi-
tion in times shorter than typical fluctuations or drifts of
the interferometer arms. Here, we meet these illumina-
tion requirements by sending a laser (Spectra Physics In-
spire) through a rotating diffuser (Thorlabs DG20-120),
leading to “thermal light” [17, 18]. We record a movie
(roughly 20 s) of the interferogram while linearly trans-
lating the sample arm by a piezo stage. While images
recorded with a standing diffuser are completely obscured
by speckles, the exposure-time averaging of a single frame
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2FIG. 2. Oblique-view electron micrograph of the sample
containing a carpet invisibility cloak (bottom) and a reference
structure (top). Gold parts are colored in yellow, polymer
parts in blue. Taken from Ref. [15].
with a rotating diffuser leads to rather clean images. If
the reference arm is blocked, the interferogram disap-
pears and is replaced by the ordinary amplitude image.
In the below experiments, we use microscope objective
lenses with a numerical aperture of NA=0.4 (ZEISS LD
Achroplan, 20×). Such intermediate NA values allow for
the most sensitive test of cloaking as values approaching
NA=0 lead to insufficient spatial resolution, whereas for
values approaching NA=1 the amplitude contrast dimin-
ishes [19]. The data shown in this Letter have been taken
with linear polarization of light. We find, however, that
the orientation of the polarization axis is irrelevant and
that identical results are also obtained for circular polar-
ization.
The visible-frequency carpet-cloak samples used in the
present work have been described previously [15] (see Fig.
2). We have fabricated them by stimulated-emission-
depletion-inspired direct-laser-writing optical lithogra-
phy [20], followed by coating with a 100-nm thick gold
film. In a nutshell, a bump in a metallic mirror (the car-
pet) allows for hiding objects underneath it. In Fig. 2,
this structure is shown upside down. The carpet cloak
aims at making the bump appear flat, hence unsuspi-
cious. The refractive-index profile required to achieve
this task is calculated by transformation optics [3] and it
is mimicked by adjusting the local polymer volume fill-
ing fraction, f, of a three-dimensional woodpile photonic
crystal used in the long-wavelength limit [11]. Impor-
tantly, we have fabricated a cloak and a reference side
by side. The reference is nominally identical to the cloak
except that f =const., leading to a constant refractive in-
dex of about 1.3.
Unprocessed raw data taken with the video camera
are depicted in Fig. 3. The resulting set of arm-length-
dependent images from the camera is still difficult to di-
FIG. 3. Measured camera images at 700-nm wavelength illu-
mination. (a) Without any diffuser and for blocked reference
arm, the images are obscured by interference fringes origi-
nating from sample edges. (b) With a standing diffuser in
place, the “spatial coherence” is effectively reduced, yet the
image is now obscured by speckles. In the case of a rapidly
rotating diffuser, the camera averages over a large set of such
speckle-images during the exposure time of one frame, leading
to rather clear and undisturbed images. (c) and (d) show un-
obscured interference images (i.e., reference arm opened) at
two different piezo stage positions, i.e., two different phases.
(e) To illustrate the phase reconstruction procedure, raw data
(circles and squares) and fits (lines) at two randomly picked
pixel positions (marked with white circle and square in (d))
are depicted.
gest for the observer (see Supplemental Material at [URL
will be inserted by publisher] for a sample movie). Intu-
itive two-dimensional phase images can be extracted in
a straightforward manner: It is clear that, for each pixel
of the image, the interferometric signal oscillates in a
cosine fashion upon linearly scanning one interferometer
arm. The local optical phase information is encoded in
the phase of that cosine oscillation. Thus, we fit a cosine
of the form a · cos(ν · N + φ) + b to each pixel’s data
(see Fig. 3(e)), where a is the amplitude, ν is the fre-
quency, N is the movie frame number, φ is the phase,
and b is the offset. Since the frequency has to be con-
stant for all pixels at a fixed wavelength, it is predeter-
mined by fitting the complete cosine-function to several
test pixels. The deviations between the extracted fre-
3FIG. 4. Measured phase images. The phase is coded in
false color and given in units of rad. The grey colored areas
originate from the fact that the phase reconstruction does
not work at geometric discontinuities, such as the edges of
the structure. Therefore, the phase difference to the colored
areas can not be determined. (a) Phase image taken from
the air side (compare Fig. 2) and (b) taken from the glass-
substrate side. The white curves are cuts through the data
that are separately shown in Fig. 5.
quencies of those test pixels are smaller than 10−4. For
the complete images, the free fit parameters are the am-
plitude, the phase and the offset. From these fits, the
phase is extracted for each pixel, yielding complete two-
dimensional phase images. As usual, the phase is only
defined modulo 2pi, which leads to many disturbing dis-
continuous jumps in the resulting raw images. In order to
make the images more intuitive to interpret, we shift the
branches by a computer algorithm such that continuous
two-dimensional phase images result. We find this algo-
rithm to work reliably as long as the phase variation per
spatial resolution is substantially smaller than 2pi and as
long as the spatial coherence is sufficiently low.
For consistency, the amplitude images are derived by us-
ing the resulting cosine-amplitudes from the fit procedure
described above. These amplitude images (not depicted)
FIG. 5. Selected cuts through the phase-image data (see
white curves in Fig. 4). The solid black (red) curves corre-
spond to measurements on the carpet cloak (reference struc-
ture) from the glass-substrate side, the dashed black (red)
curves to measurements from the air side.
reproduce our previously published [15] data. As a con-
trol experiment, we have measured reference and cloak
structure from the air side. The corresponding phase im-
ages for an illumination wavelength of 700 nm are shown
in Fig. 4(a), where both phase images are equal within
the measurement uncertainty for both structures. This
observation shows that the two bumps are actually equiv-
alent in terms of width and height (also compare Fig.
2). Phase images taken from the glass-substrate side are
shown in Fig. 4(b). They reveal a striking effect of the
cloak. Without cloak, the bump shows up as a phase
maximum with a height of more than 2pi. In contrast,
with cloak, the phase variation is substantially smaller.
To allow for a more quantitative analysis of these phase
images, Fig. 5 shows characteristic cuts through these
data (see white lines in Figs. 4(a) and (b)). Again, the
bumps are identical within the experimental error when
inspected from the air side. From the glass-substrate
side, the phase maximum is even higher for the reference
structure (compared to the air side) because of the av-
erage reference refractive index that is larger than unity.
For the cloak, the phase maximum is completely gone.
Ideally, the phase should be constant. It is presently not
clear whether the remaining small wiggles originate from
the theoretical design of the carpet cloak or from fabrica-
tion imperfections. Regarding amplitude or ray cloaking,
the same fabricated structures [15] have recently shown
excellent performance in agreement with images obtained
by ray tracing calculations (compare Figs. 1(d) and (f)
in Ref. [15]). Theoretically calculating the corresponding
microscope phase images via solving the Maxwell equa-
tions for the cloak and for the entire microscope appears
to be out of reach for the near future.
Finally, we have repeated the above interferometric
imaging experiment and analysis for illumination laser
wavelengths of 750, 800, and 850 nm (not depicted).
Clearly, the magnitude of the peak phase changes upon
tuning the wavelength. However, if the measured phases
are converted into optical path lengths, the measured
4data at these wavelengths are identical to the ones in
Fig. 4 and 5 within the measurement error. Indeed,
broadband operation is expected from the design of the
dielectric carpet cloak and has previously been demon-
strated by us in amplitude-cloaking experiments on the
identical structures [15].
In conclusion, we have experimentally shown phase cloak-
ing in the far field at visible frequencies, a “wave cloak”
rather than just a “ray cloak”, for what we believe is
the first time. Phase sensitivity has been achieved by
a Michelson interferometer combined with a microscope
and illumination by thermal laser light. Such wave or
phase imaging may also serve as a sensitive test for other
devices designed by transformation optics.
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